The aim of this review is to present the methodologies currently applied to identify microbiota and pathogens transmitted to humans through seafood consumption, focusing on molecular techniques and pointing out their importance, advantages, disadvantages and applicability. Knowledge of available techniques allows researchers to identify which technique best fits their expectations. With such discernment, it will be possible to infer which disadvantages will be present and, therefore, not interfering with the final result. Two methodologies can be employed for this purpose, dependent and independent cultures. However, the dependent culture has certain limitations that can be solved through the independent cultivation techniques, such as PCR, PFGE and NGS, especially through the sequencing of the 16S rRNA region, providing a complete view of microbial diversity. These have revolutionized microbiological knowledge, mainly because they allow for the identification of uncultivable micro-organisms, which represent a substantial portion of total micro-organisms, making it possible to elucidate not yet described taxa which may display pathogenic potential, besides quantifying microbial communities, microbiota genetics, translated proteins and produced metabolites. In addition, transcriptomic and metabolomic techniques also allow for the evaluation of possible impacts that microbial communities may create in their environment, as well as the determination of potential pathogenicity to humans.
Introduction
According to the World Health Organization (WHO) (2015) , foodborne diseases are a growing public health challenge worldwide, reaching up to 582 million infections caused by the consumption of contaminated food and leading to 351 000 deaths in 2010. In Brazil, 7170 outbreak cases were reported from 2007 to 2017, most in the southeastern region of the country, comprising 126 712 patients. According to the European Union, among the food products related to outbreaks, fish and fish derivatives are among the most noteworthy (EFSA, 2016) . Of the total number of outbreaks occurring up to 2016, fish (as food) was considered a food carrier in 0Á8% of the cases (Brazil, 2017) .
The study of the microbiota composition in seafood reflects both biotic and abiotic factors and allows for inferences regarding several aspects. From the animal point of view, intestinal microbiota diversity interferes in growth, performance, energy storage and, especially, on the animal's health (Ghanbari et al. 2015) . Intestinal microbiota may present variations, depending on the stage of seafood development, genetic factors, feeding habits, health status, trophic level and taxonomy (Sullam et al. 2012; Wong and Rawls 2012; Bakke et al. 2015; Ghanbari et al. 2015) . However, some bacteria present in microbiota may be pathogenic for both seafood and humans, posing challenges in a public health context, as well as causing economic losses in production systems (Vendrell et al. 2006; . Seafood habitat can also be a relevant source of bacteria, including pathogenic organisms (Ellis 2001; G omez and Balc azar 2008) . A study on the microbiological diversity of the water habitat and seafood intestines indicated similar composition of certain bacteria, thus demonstrating the influence of the microbiological constitution of the environment on animal microbiota (Semova et al. 2012; Xing et al. 2013) . In addition, salinity, season, and consequently, water temperature, also interfere with microbiota structure (Sullam et al. 2012; .
In seafood, the colonization of the digestive tract occurs even during the larval period (Bakke et al. 2015) , with marine micro-organisms generally composed of Gram negative, facultative anaerobic bacteria (Cahill 1990; Onarheim et al. 1994; Nayak 2010) . However, Gram positive and/or lactic acid bacteria have also been observed (Ringo and Gatesoupe 1998; Nayak 2010; . In addition to the digestive tract, the skin and gills are also inhabited by micro-organisms, which, in this case, are in direct contact with the water. It is believed that seafood microbiota is composed of autochthonous bacteria, that is, micro-organisms that naturally comprise the microbiota, and transient bacteria, which are not part of the permanent microbiota and which may eventually cause diseases (Ringo and Birkbeck 1999) . In both marine and freshwater seafood, the intestinal microbiota comprises bacteria belonging to the Vibrio, Aeromonas, Pseudomonas, Plesiomonas, Acinetobacter, Clostridium, Bacteroides, Micrococcus, Flavobacterium genera and genera belonging to the Enterobacteriaceae family (Nayak 2010) . Some of these bacteria, such as Vibrio, Aeromonas, Clostridium and enterobacteria, can cause diseases in humans, and are, therefore, considered pathogenic bacteria (Heitmann et al. 2005; Iwamoto et al. 2010; Kadariya et al. 2014; Angelo et al. 2015; Letchumanan et al. 2015a; Stratev and Odeyemi 2016; Baron et al. 2017; Elbashir et al. 2017; Kambire et al. 2017; . Due to the importance of fish (as food) as carriers of some of these pathogens, the study of this food matrix is highlighted in a public health context. However, in order to create measures regarding prevention and control against these pathogens, it is necessary to first identify the etiological agent . Different techniques may be applied with this aim, classified into two groups: traditional and molecular microbiology. The former is dependent on previous microorganism culture, and identification is based on morphotinctorial and biochemical characteristics (Shabarinath et al. 2007; Kumar et al. 2009; Yaashikaa et al. 2016) . The latter involves molecular identification techniques, which are culture independent and based on the analysis of the genetic material of the evaluated micro-organisms. Although culture-dependent techniques are still widely used, they present certain limitations, with the main one being the fact that most bacteria cannot be cultivated, so the possibility exists that the result may not be representative of all the microbiota present in the sample (Kim et al. 2007; Lan and Love 2012; Larsen et al. 2013; Lee et al. 2014; Law et al. 2015a; Chahorm and Prakitchaiwattana, 2018; Lee et al. 2017a) . Thus, independent cultivation techniques have emerged as a solution to such limitations (Zhou et al. 2010; Letchumanan et al. 2014; Reveco et al. 2014; Zarkasi et al. 2014; Ghanbari et al. 2015; Ringo et al. 2016; Dehler et al. 2017; Lee et al. 2017a) , and present several advantages, such as high sensitivity, specificity and speed in obtaining results (Janda and Abbott 2007; Ceuppens et al. 2014) . These molecular methodologies allow for, among other things, the identification and quantification of the entire microbiota present in the contaminated organism and the determination of the expressed genes, translated proteins and produced metabolites. These techniques have been applied for the identification of seafood-borne pathogens, with satisfactory results (Warnecke and Hugenholtz 2007; Zhou et al. 2013; Hu et al. 2014; Taminiau et al. 2014; Franzosa et al. 2015; Ghanbari et al. 2015; Letchumanan et al. 2015b; Zhang et al. 2015; Alikunhi et al. 2017; Xu et al. 2017a) .
In addition to the identification of taxa already described in the literature and widely studied, molecular techniques, such as genomics and metagenomics, allow for the identification of novel micro-organisms. These may not yet have been identified because they exhibit few indicative diagnostic characteristics through culture morphology (Kom arek et al. 2014; Sciuto and Moro 2015) , attenuated growth capacity or unclear growth requirements in culture, making them difficult to identify by traditional methodology (Youssef et al. 2014; Sciuto and Moro 2015) . In addition, they may not be able to be cultivated, thus known as viable, but not cultivable, which is either a transitory state for some bacteria in response to the environment stress, such as the Vibrio genus (Griffitt et al., 2011; Zhong et al. 2016; Chahorm and Prakitchaiwattana 2018) or a stable state, as occurs in Mycobacterium leprae and Treponema pallidum (Petricha et al. 2015; Ruiz-Fuentesa et al. 2015; Gogarten et al. 2016; Steinmann et al. 2017) . Thus, in both cases, applying molecular biology tools allows for their taxonomic classification, for the evaluation of their pathogenic potential and serve as a diagnostic method (Bergholz et al. 2014; Das et al. 2014; Kergourlay et al. 2015; Sciuto and Moro 2015; King et al. 2017) . According to the CDC, about 80% of the pathogens incriminated in foodborne disease cases in the United States are still nonspecific, that is, known agents not yet identified as causing foodborne diseases, known agents whose ability to cause disease is not proven and unidentified agents, thus reinforcing the importance of the molecular epidemiology studies in the elucidation of the microbiota, especially pathogenic organisms (Scallan et al. 2011; King et al. 2017) .
Another applicability for molecular tools is related to microbial phylogenetics. With the identification of novel micro-organisms, new phylogenetic classifications have been suggested. While some bacteria fit into existing strains, others were relocated to other groups based on genetic similarities, while yet others simply do not fit into any previously established strains (Youssef et al. 2014; Albertsen et al. 2015; Brown et al. 2015; Nobu et al. 2016) . Thus, the term phylo candidate appeared, accommodating bacteria that, after analysis of their 16S rRNA, did not fit into any existing phylogenetic lineage. This finding rewrote the knowledge of microbial phylogenetics and reinforced the fact that very little is known about the huge microbial family tree before the advent of molecular microbiology (Youssef et al. 2014; Albertsen et al. 2015; Brown et al. 2015; Nobu et al. 2016) . For example, in the study of fish intestinal microbiota, the presence of one of these candidates, CKC4, was already known, representing 0Á03-6Á25% of the total readings .
In this context, the aim of this review is to present the current methodologies applied to identify microbiota and pathogens transmitted by seafood to humans, focusing on molecular techniques and pointing out their importance, advantages, disadvantages and applicability. The knowledge of available tools and their characteristics can aid researchers in drawing an experimental design in order to reach their study goal. Thus, an elected technique falls within the expected objective, and its disadvantages are not obstacles, since they have already been accounted for.
Pathogen identification by traditional microbiology
Traditional microbiological analyses aim to identify and quantify micro-organisms of interest. Four methods stand out in this regard, concerning quantification, namely the standard plate count, the most probable number, the dye reduction technique and counting by direct microscopy (Jay 2005) .
In general, prior to bacterial isolation and identification, samples are preprepared, weighed, homogenized and diluted, followed by pre-enrichment, performed in nonselective media, allowing for the recovery of sublethal lesions that bacterial cells may have undergone during processing or storage under low temperatures. Subsequently, enrichment in selective media is conducted, followed by plating, also in selective media, which allows for colony identification after biochemical tests (Shabarinath et al. 2007; Kumar et al. 2009; Yaashikaa et al. 2016) . Morphological identification of the bacterial cells by microscopy of the stained material is performed by different techniques, for example, Gram staining (Agger and Maki 1978) .
However, traditional microbiology presents certain disadvantages, such as slow results, since some microorganisms require days or even weeks to be cultivated (Dwivedi and Jaykus 2011; Fusco and Quero 2014; Law et al. 2015b; Zhang et al. 2015; Petsios et al. 2016; Lee et al. 2017a; Rohde et al. 2017) . In addition, it displays difficulty in detecting the presence of the micro-organisms when they are present in low concentrations. Another disadvantage is related to the fact that the phenotypic characteristics of certain micro-organisms which would be used for their identification in the culture media may not be expressed (Farber 1996; Fusco and Quero 2014; Lee et al. 2017a ).
An important fact highlighted in several studies is that traditional microbiological identification techniques that rely on cultures can detect only a part of the microorganisms present in samples (Kim et al. 2007; Lan and Love 2012; Larsen et al. 2013) . Regarding seafood, this technique presents low cultivable capacity, since only 1% of the micro-organisms present in these animals can be identified through traditional methodologies (Romero and Navarrete 2006; Navarrete et al. 2009; Ghanbari et al. 2015; Dehler et al. 2017) . As a result, novel culture-independent technologies have emerged as an opportunity to better understand this microbiota (Lan and Love 2012; Larsen et al. 2013; Zarkasi et al. 2014; Ringo et al. 2016) , allowing the identification of both known and unidentified species. In this sense, molecular tools have been applied to identify novel bacterial strains of species already described in the literature, such as the ST631 Vibrio parahaemolitycus strain identified in 2007 in a clinical case, which was linked to the consumption of Florida oysters, and in other clinical and environmental samples, classified as an emerging foodborne pathogen on the Atlantic coast of North America (Banerjee et al. 2014; Haendiges et al. 2015; Xu et al. 2017b) .
However, even so, traditional microbiology is still required. Even with the swiftness, precision, sensitivity and specificity that molecular techniques present (Janda and Abbott 2007; Ceuppens et al. 2014) , some still need prior culturing, such as pulsed-field gel electrophoresis (PFGE), since the total bacterial DNA will be analysed by restriction enzymes. Such cultivation is necessary since a substantial amount of genetic material must be generated in order to analyse the electrophoretic profiles (Hara-Kudo et al. 2012; Li et al. 2017) . It is also worth noting that traditional methodologies are still considered the gold standard for the identification of pathogenic micro-organisms, and it is only through these techniques that the morpho-phenotypic characteristics of the bacteria can be evaluated (Fusco and Quero 2014; Lee et al. 2017a ).
Molecular biology identification techniques and their applicability to seafood microbiota

Polymerase chain reaction
Among the most applied molecular biology technique for the identification of a particular micro-organism is conventional PCR, where a specific segment of the genetic material of the organism in question is amplified through the action of the enzyme Taq polymerase, from a template tape and a nucleotide primer. The high sensitivity of this technique allows for a single DNA molecule to serve as a template for the exponential amplification of a specific gene, reaching sufficient concentrations for further identification and use in other analyses, such as cloning and sequencing (Oliveira et al. 2016) . In addition to conventional PCR, other PCR-derived techniques have emerged, such as multiplex PCR (Boehnke et al. 1989) , reverse transcriptase polymerase chain reaction (RT-PCR) (Weis et al. 1992) , random amplified polymorphic DNA (RAPD) (Williams et al. 1990 ) and RT-PCR or quantitative polymerase chain reaction (qPCR) (Higuchi et al. 1993) . For the identification of the amplified material, techniques such as agarose gel electrophoresis (Tiselius 1937) , denaturing gradient gel electrophoresis (DGGE) (Fischer and Lerman 1979) , temporal-temperature gradient electrophoresis (TTGE) (Thatcher and Hodson 1981) , PFGE (Schwartz and Cantor 1984) and the sequencing of the genetic material (Sanger and Coulson 1975) , are routinely applied. The strengths and weaknesses of each methodology, as well as their purpose, are listed in Table 1 . Kumar et al. (2003) applied conventional PCR for the detection the microbial contamination by Salmonella sp. in tropical seafood, with amplicons visualized through agarose gel electrophoresis. Xu et al. (2017a) used multiplex PCR for the simultaneous detection of Vibrio cholerae, V. parahaemolyticus, V. vulnificus and V. alginolyticus in seafood samples, which was proven to be a fast and reliable tool for the detection of these pathogenic species. Kou et al. (2008) used RT-PCR multiplex to simultaneously detect artificial and natural Norovirus and Rotavirus infections in oysters and described the technique as a quick, specific and sensitive method than can be applied for virus detection in the seafood product before being marketed. Vongkamjan et al. (2017) , after isolating Listeria monocytogenes from seafood and environment samples by cultivation-dependent means, confirmed the isolation by conventional PCR, followed by multiplex PCR techniques for the detection of serotypes, and RAPD for the characterization of the isolates, detecting 3 serotypes and 11 RAPD profiles. After serotype identification through multiplex PCR, it was possible to verify that the majority of the serotypes identified were the same ones detected in cases of human listeriosis. The RAPD technique confirmed the existence of genetic diversity among L. monocytogenes isolates. The researchers also concluded that this technique was adequate for this purpose due to the cost, time and prior knowledge required to perform the analysis (Vongkamjan et al. 2017) . Taminiau et al. (2014) developed qPCR protocols to identify and quantify six seafood-borne pathogens. They then evaluated the limit of quantification of the elaborated protocols for artificially contaminated seafood, arriving at the conclusion that the protocols displayed good selectivity, specificity and sensitivity in the detection and quantification of the evaluated pathogens. Chen et al. (2017a) evaluated the microbiota profile of air-conditioned and modified atmosphere oysters gills stored at 4°C by PCR-DGGE techniques regarding the 16S rRNA V3 gene region. Through the DGGE profile, they verified a great bacterial diversity in the gills of both groups of oysters. Mac e et al. (2012) evaluated the bacterial deterioration of raw salmon conditioned under vacuum and under a modified atmosphere, using culture independent and dependent methods. In this case, some bacteria were only identified by one method, while others were identified by both. The authors state that the cultivation-dependent technique displayed greater precision in the identification of bacteria genera and species. However, PCR allowed for the confirmation of species of the dominant bacterial species during 3, 7 and 10 days of storage in samples packed in vacuum and modified atmosphere, previously identified by the traditional methodology and verified through electrophoretic profiles generated by TTGE ( The authors first carried out an epidemiological study regarding the outbreak cases and subsequently analysed the seafood samples. The culture-dependent methodology was applied to isolate Vibrio sp. strains from seafood, while biochemical analyses were performed to identify V. parahaemolyticus strains. The authors then verified whether the strains indicative of V. parahaemolyticus contained the tdh virulence gene and which serotype they belonged to, through PCR. Finally, they used PFGE to verify the similarity between strains isolated from patients in the outbreaks and samples collected from seafood. Of the 842 seafood samples, 717 were V. parahaemolyticus positive and 18 contained the tdh virulence gene. Eleven Another important advent of molecular biology for the possibility of genome sequencing has emerged as a way of elucidating the composition and genetic potential of micro-organism in seafood products worldwide. To this end, researchers began using Sanger sequencing technologies, known as first-generation sequencing, followed by next-generation sequencing (NGS) (Foster et al. 2012; Siqueira et al. 2012) . Unlike the first generation, which offered a certain limitation regarding the sequencing of high numbers of samples, NGS is able to generate a greater number of readings in a single reaction, allowing for the massive detection of the genetic material in a fast and economically viable way (Roeselers et al. 2011; Siqueira et al. 2012; Star et al. 2013; Wong et al. 2013; Ghanbari et al. 2015) . Strengths and weaknesses of the listed platforms are displayed in Table 2 .
Next-generation sequencing-second generation Five technologies belong to the second generation of sequencing, namely 454 pyrosequencing (Roche Applied Science, Basel, Switzerland), Illumina/Solexa Genome Analyzer (Illumina, San Diego, CA), Sequencing by Oligonucleotide Ligation and Detection (SOLiD) (Applied Biosystems, Foster City, CA) and HeliScope Single Molecule Sequencer (Helicos BioSciences, Cambridge, MA). The 454, Illumina and SOLiD sequence cloned products amplified by PCR, while the platform HeliScope do not require prior amplification (Siqueira et al. 2012) .
Each of the platforms presents advantages and disadvantages. In general, from the first representative of NGS, 454/Roche, novel technologies were developed with the intention of improving the sequencing process itself, as well as its length (Ghanbari et al. 2015) , final sequencing data, correcting errors detected from the previous platform and reducing the process timeframe. The effects of DNA extraction and foreground choice are common problems in other molecular culture-independent methods (Kuczynski et al. 2012) . However, with respect, specifically to NGS, short readings made by certain platforms show comparable difficulties when assembling and mapping reference sequences (Hui 2012) , while longer readings, such as those produced by 454 pyrosequencing, are prone to quality error, which can be interpreted as a rare operational taxonomic unit (OTU), inflating wealth estimates (Siqueira et al. 2012) .
454 Pyrosequencing. The 454 platform marked the beginning of NGS and belongs to the second generation of genomic sequencing technologies. The principle of the method is synthesis sequencing, while the library preparation is by PCR emulsion and the chemical process is named pyrosequencing. With each addition of a nucleotide by DNA polymerase, the formation of phosphodiester bonding occurs in the single strand of amplified DNA, releasing a pyrophosphate molecule, which after a cascade of chemical reactions will generate a luminous intensity for each added nucleotide. This light is captured by the equipment, generating peaks in the plotted graph, with peak heights proportional to the amount of added nucleotides and corresponding to the specific type of embedded dNTP (Metzker 2010; Liu et al. 2012; Siqueira et al. 2012; Ghanbari et al. 2015) . A total of 454 models exist, such as 454 FLX Titanium and 454 FLX +. While the first has a read length of 450-600 bp, 10 h of sequencing, data output per run of 450 Mb and output read of 1 million, the second performs readings of 700-100 bp in 23 h with 700 Mb of data output per run and a 1 million output read (Ghanbari et al. 2015) .
In seafood, numerous studies have been carried out using such pioneering technology for massive sequencing in order to elucidate the composition of the gut microbiota of Atlantic cod caught in a single location (Star et al. 2013) , to verify their effects on regulation of intestinal absorption and fatty acid metabolism in the Zebrafish (Semova et al. 2012) , to characterize gastrointestinal bacteria of Atlantic salmon (Salmo salar L.) (Zarkasi et al. 2014) and identify swimming crab (Portunus trituberculatus) microbiota in South Korea in order to identify risk markers for foodborne diseases .
Illumina/Solexa genome analyser. This platform also works with the synthesis sequencing principle, with library preparation by bridge PCR and chemical processing named reversible terminators. Following the amplification process, sequencing takes place by the addition of nucleotides labelled with fluorophores and terminators, which ensures that only one base will be incorporated at a time. The fact that the terminator is reversible enables the polymerization to continue even after the detection Ghanbari et al. (2015) of the fluorophores. The fluorescence is recorded by the equipment, allowing for the detection of the added nucleotide (Metzker 2010; Liu et al. 2012; Siqueira et al. 2012; Ghanbari et al. 2015) . Different models based on Illumina sequencing are available, such as Illumina GAIIx, Illumina HiSeq1000, Illumina HiSeq1500, Illumina HiSeq2000, Illumina HiSeq2500, Illumina MiSeq and Illumina NextSeq500. Comparing the HiSeq2000 platform with MiSeq, it is possible to verify that there is not only an increase in length (from 2 9 125 bp to 2 9 300 bp), 6-day reduction in 26 h of sequencing, but also a decrease in the data output per run, from 900-1000 Gb to 100-125 Gb, and output read from 250 million to 44-50 million (Ghanbari et al. 2015) . In order to study seafood micro-organisms, many studies use these types of platforms for their characterization. Franchini et al. (2014) carried out the sequencing of the 16S rRNA of the gut microbiota of two limneticbenthic fish species, with Illumina MiSeq. Zhang et al. (2016) verified the bacterial composition in water, gills or guts of Eriocheir sinensis by high-throughput sequencing using 16S rRNA genes. Lee et al. (2017a) performed the identification of microbial communities, with a focus on foodborne pathogens, during kimchi manufacturing through 16S RNA sequencing with Illumina MiSeq. Lee et al. (2017b) analysed the bacterial microbiome of Octopus variabilis, from South Korea to detect the potential risk of foodborne disease and improve product management, with Illumina MiSeq.
SOLiD. The third second-generation platform is based on link sequencing and requires the PCR emulsion library preparation. First probe annealing occurs, followed by binding. The process is based on the sequencing of two nucleotides per linkage. Each connection generates a fluorescent signal that is measured by the equipment, followed by output decoding (Metzker 2010; Liu et al. 2012; Siqueira et al. 2012; Ghanbari et al. 2015) . Like the other platforms, SOLiD also had several versions, such as SOLiD 4, SOLiD 5500, SOLiD 5500xl, SOLiD 5500 W and SOLiD 5500xl W. In general, the reading length is short (approximately 60 bp) which limits its use in microbiology studies, due to errors in the sequence assembly process. Another limitation is the long processing time (8 days), however, a considerable amount of data are generated (320-250 Gb) with an output read of 160-256 millions (Ghanbari et al. 2015) .
A lack of papers on the application of this platform in fish is verified, although some studies have applied SOLiD. Johansen et al. (2011) investigated the Atlantic cod transcriptome by Roche 454, Illumina GA and ABI SOLiD deep sequencing platforms. Jenny et al. (2012) verified the effect of short-term exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin on microRNA expression in zebrafish embryos, with SOLiD and RT-PCR.
HeliScope single-molecule sequencer. This platform stands out as the first to not require PCR amplification, thus named single-molecule sequencing. Therefore, the single DNA molecule is sequenced directly. This platform also performs synthesis sequencing and reversible terminators. The addition of labelled nucleotides with fluorescent substance and terminators that preclude the addition process uis performed until the fluorescence uptake is not completed by the equipment, which will decode the incorporated nucleotides. However, the reading length is very short (32 bp) and lengthy (8 days) (Thompson and Steinmann 2010; Siqueira et al. 2012; Heather and Chain 2016) . Due to the unmatched quantitative nature of the technology and the ability to sequence very short or modified DNA, this platform has the potential to be applied in poorly addressed research by amplificationbased sequencing (Thompson and Steinmann 2010) . Although useful, the literature lacks data on the use of this platform to study microbial contamination in fish (as food).
Next-generation sequencing-third generation
The next generations of new sequencing technologies have also been developed to attempt to suppress the limitations of previous generations. Thus, Pacific Biosciences 'real-time single-molecule sequencing (PacBioRS), Compete Genomics' combined pro anchor hybridization and ligation (cPAL) and Ion Torrent of Life Technologies, Inc. platforms are representative of the third generation, which present a new sequencing mechanism, lower processing time, different desktop designs and lower operating costs (Hui 2012) .
Pacific Biosciences real-time single-molecule sequencing. This is the first representative third-generation platform. It does not require PCR amplification and uses a technology called zero-mode waveguides. Thus, it is possible to follow the sequencing process of the nucleotides marked with fluorophores in real time. The reading lengths are long (8000 bp) and the process fast (2-3 h), however, high error rates, higher costs and lower yields are present (Ghanbari et al. 2015; Rhoads and Au 2015) . Mehinto et al. (2012) suggested the use of this platform use for de novo sequencing of nonmodel fish species, due to the long reading length. PacBio was also used to improve the sequencing of the genome of an African fish species (Conte and Kocher 2015) , to perform the complete sequencing of Piscirickettsia salmonis genome, the major pathogen of farmed salmonid fish (Pulgar et al. 2015) , the complete sequencing of the fish pathogen Flavobacterium columnare strain C#2 genome (Bartelme et al. 2016) and in the evaluation of the adhesive capacities of a fish pathogen (Wrobel et al. 2017) .
Complete genomics combined pro anchor hybridization and ligation. For full-genome sequencing, the platform uses combined anchor-probe ligation (cPAL). Thus, an anchor sequence and the probe hybridize the DNA nanoball. At each cycle the hybridization probe contains a known constant position base and a fluorophore. Thus, capped fluorescence would reveal the addition of a given nucleotide. This process is highly precise, presents low costs and high production, although the readings are for short length (28-100 bp), can generate errors in the assembly and the work is laborious (Niedringhaus et al. 2011; Goodwin et al. 2016) . Despite the potential of using this platform in genomic sequencing in fish (as food), the literature lacks information about this applicability.
Ion Torrent of Life Technologies, Inc. The Ion Torrent platform performs sequencing using semiconductor chips of different scales. It is different from other platforms regarding how it detects nucleotide addition. At the moment of incorporation, a proton is released which changes the circulating pH, which is detected by chip microsensors, recording the addition of a given nucleotide. The technology presents more readings (4-80 millions), and higher data output per run (1Á2-10 Gb) compared to cPAL, but the process is slightly more lengthy (2-7Á3 h). Regarding reading length, although larger than that generated by cPAL, it is still considered short (200-400 bp) and problems can occur in the sequence assembly (Niedringhaus et al. 2011; Ghanbari et al. 2015) .
In fish, the platform has been applied to develop microsatellite markers in Indian carp (Catla catla) (Sahu et al. 2014) , in the transcriptome assembly of striped catfish (Pangasianodon hypophthalmus) (Thanh et al. 2015) , for complete sequencing of the Sea bass (Dicentrarchus labrax) genome (Bertolini et al. 2016) and in the genome sequencing of the Aeromonas veronii Ae52 strain isolated in fish (Carassius auratus) (Jagoda et al. 2017) .
Microarray platform
DNA microarrays are collections of short oligonucleotide probes, representing thousands of genes, attached to a substrate (microarray) (Karakach et al. 2010) . Control samples and the samples to be evaluated are used. First, it is necessary to extract total RNA fractions and then conduct retrotranscription by RT-PCR of the RNA in the cDNA. The cDNA is then stained by fluorescent compounds, usually Cy3 and Cy5 cyanines (one for the controls and one for evaluated samples), and hybridization occurs with the complementary probe, followed by substrate washing and photography by a high-resolution scanner (Vald es et al. 2013) . The gene expression is measured by the fluorescent intensity of the two dye-labelled targets, that emit signals proportional to their concentrations (Storhoff et al. 2005) . A specific software is then used to convert images into gene expression data, which will be evaluated by statistical tests or by exploratory analyses, where groupings of genes with similar expression profiles are performed. This technique can be used to measure the relative abundance of transcripts from two or more samples to thousands of genes simultaneously (Vald es et al. 2013) . Among the advantages of this technique are good sensitivity, reproducibility and high yield, which allow a large number of samples to be screened at the same time. However, such a technique fails to detect low abundance transcripts and requires prior knowledge of genomic sequences. For such reason the microarray devices do not cover unknown transcriptions and many classes of RNAs, due to constraints in the preparation of the probe (Vald es et al. 2013; Rantsiou 2016) .
Several types of microarray are available, such as: printed, where probes between 25-80 bp are printed on a glass slide; in situ, where 20-24 bp probes are synthesized directly on the solid surface; high-density microarray, in which silica granules containing the probes are used, based on active hybridization in which the nucleotide transformation occurs by electric current; and the suspension microarray, in which suspension granules are used as support and flow cytometry is applied to identify granules and target molecules (Miller and Tang 2009 ).
This technique has already been used in several studies regarding seafood, such as mass identification of fish species in a reaction (Kochzius et al. 2008; Hellberg and Morrissey 2011) , for identification of Vibrio species present in seafood (Chen et al. 2011; Cariani et al. 2012) , in the evaluation of transcriptomic responses in the fish intestine (Martin et al. 2016) , in fish nutrition and immune response studies (Martin and Kr ol 2017) , and identification of possible stress biomarker genes in trout (Rebi et al. 2017) .
Sequencing 16S rRNA
16S rRNA gene sequencing is an excellent alternative for estimating the entire microbiota diversity present in an organism, investigating phylogenetic relationships among bacterial communities and quantifying the relative abundance of taxa (Hugenholtz 2003; Vetrovsky and Baldrian 2013) . The 16S gene presents highly conserved regions between several micro-organisms and also presents variable portions that distinguish between micro-organisms. Because of the conserved sequences, it is possible to use a universal primer to perform the PCR (Claesson et al. 2010) . Subsequently, the amplified material is sequenced, that is, the sequences of nucleotides present in this segment are revealed through different mechanisms, depending on the platform used (Hui 2012) . During the sequencing, thousands of readings are generated, and it is necessary to use bioinformatics to identify each microorganism present at different taxonomic levels. This step involves processing the sequences, making them readable and, finally, aligning them with reference DNA sequences (BLAST), thus allowing for comparisons to arrive at the final taxon identification (Hui 2012 ). However, a major disadvantage of this technique is that it tends to underestimate the abundance of micro-organisms with low 16S rRNA copy numbers (e.g. Acidobacteria), while overestimating taxa with high 16S rRNA copy numbers (e.g. Gammaproteobacteria and Firmicutes) (Vetrovsky and Baldrian 2013) . van Kessel et al. (2011) carried out the pyrosequencing of the 16S rRNA region to elucidate the intestinal microbiota of carp (Cyprinus carpio L.) and found that, in comparison to culture-dependent methods, this method is superior in its ability to reveal the diversity of the intestinal microbiota of the fish species. The same authors also identified bacteria from the following phyla: Fusobacteria and Bacteroidetes, which contain autochthonous intestinal bacterial species; Planctomycetes, which comprises environmental bacterial species and some endogenous seafood microbiota, and Gammaproteobacteria, that encompasses the main pathogenic bacteria genera for seafood and humans, some endogenous to the microbiota, all shown to be dominant. Classes Verrucomicrobiae, which comprises natural seafood microbiota, Clostridia and Bacilli (that belong to the Firmicutes phylum) were also identified, although less represented in the microbiota. They are also pathogenic to humans and seafood, some of them native to microbiota. Thus, the authors demonstrated the presence of potentially dangerous bacteria to both the fish and fish consumers in carp microbiota (van Kessel et al. 2011) .
In a study conducted on the Chinese Mitten crab (E. sinensis), gills, gut and water microbiota were evaluated by sequencing the 16S rRNA region. Some phyla were identified in three study sites, including Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Cyanobacteria, D-Bacteria, CKC4 and Tenericutes . Givens et al. (2013) evaluated Atlantic blue crab (Callinectes sapidus) carapace, haemolymph and intestine microflora by sequencing the 16S rRNA region, and detected Proteobacteria (especially Gammaproteobacteria), Bacteroidetes, Firmicutes, Spirochetes and Tenericutes phyla, predominant in three sampling sites. aimed to identify the bacteria present in the body of the P. trituberculatus crab. After analysis by sequencing the 16S rRNA region, certain human pathogens were identified, more often in the spring than in the fall. These include Aeromonas hydrophila, Escherichia coli, Staphylococcus epidermidis and Lactococcus garviea, thus highlighting the importance of knowledge on the microorganisms present in seafood with a focus on public health risks, since consuming food contaminated by pathogenic bacteria is a possibility. Star et al. (2013) used the 454 GS FLX sequencing platform and demonstrated high variations in the intestinal bacterial composition of Atlantic cod (Gadus morhua) captured from a single location. After sequencing the variable V3 region of the 16S rRNA region, they obtained a total of 280 447 sequences and identified 573 OTUs with 97% sequence similarity level, ranging from 40 to 228 OTUs per subject. They found that the composition of the intestinal microbiota varied significantly between animals, with Vibrionales being the dominant order. According to these authors, one of the factors that may influence the results obtained by 454 sequencing is the length of the fragment to be sequenced, errors in the PCR process and the choice of the 16S rRNA region. Dehler et al. (2017) used the Illumina MiSeq platform for the sequencing of the variable 16S rRNA regions of Atlantic salmon (Salmo salar L.) gut microbiota, evaluating 12 individuals in aquaria and eight in ponds. After filtering the crude sequencing results (3 602 871 readings), 3 226 813 sequences were obtained, with a mean of 161 341 AE 12 472 sequences and a total of 342 AE 19 OTUs per sample. The predominant phyla were Firmicutes, Proteobacteria and Tenericutes. The authors also identified that the two fish groups presented different intestinal microbiota profiles, with bacteria specific to each group, but that Proteobacteria, Bacteroidetes and Firmicutes phyla were detected in both cases. Thus, the Illumina MiSeq platform approach is also useful in understanding and defining the intestinal microbiota of Atlantic salmon and has expanded previous studies performed by DGGE, TGGE and T-RFPL (Dehler et al. 2017) .
The sequencing of 16S rRNA regions answers questions about the bacterial composition of a given microbiota. However, other questions can also be addressed, such as what is the genetic potential of these bacteria and what role do they play. For the first question, the answer can be obtained through metagenomics, sequencing all the extracted DNA, while the second question can be elucidated through metatranscriptomic, metaproteomic and metabolomic techniques (Ghanbari et al. 2015) .
The new 'omics' platform technology
Metagenomics has been used in the identification of new foodborne pathogens and the characterization of pathogenic and autochthonous organisms comprising microbial communities. NGS tools are used for DNA sequencing, with advantages and disadvantages associated with each platform (Bergholz et al. 2014; Nobu et al. 2016) .
With metatranscriptomic techniques, it is possible to sequence microbiota mRNA, allowing for the evaluation of which genes are actually expressed, to outline the structure, function and diversity of microbial communities (Warnecke and Hugenholtz 2007; Franzosa et al. 2015) . In this process, both the protein-encoding mRNA and the noncoding RNA are sequenced, responsible for regulating gene expression, maintaining cellular homeostasis and related to media adaptation and virulence (Lindberg and Lundeberg 2010; Mellin and Cossart 2012; Martin et al. 2016) . Bacteria contain mRNAs, which encode only one protein, and operons, which encode several (Stazic and Voß 2016) . Also, this technique generates a large amount of new information that was possibly underestimated with only DNA sequencing, such as genes present in low copy numbers (Vald es et al. 2013) . Transcriptomics has the potential to relate specific changes in gene expression to a phenotype of interest (Rantsiou 2016 ). An important applicability of transcriptomics is the capability of evaluating the transcriptional regulation responsible for the metabolic pathway of micro-organism toxin production (Brown et al. 2012) .
Two techniques, microarrays, commented on previously, and RNAseq, can be used to perform transcriptomic analyses. The former proposes to evaluate changes in gene expression under different conditions, by quantifying their expression (Rantsiou 2016) . The RNAseq technique is based on RNA sequencing through the above-mentioned NGS platforms. This technique has the advantage of being independent of previous knowledge on the genome sequence and allows quality studies on coding and noncoding RNAs, but has limited power to analyse large datasets, and the statistical study is complicated (Rantsiou 2016) .
The metaproteomic method is used to detect translated proteins and to verify their structure, function, protein interactions, intracellular location, abundance and the catalytic potential of the microbiota (Carrera et al. 2013; Rantsiou 2016) . Proteins provide important information, since these molecules are directly involved in cellular processes responsible for micro-organism responses to the environment, in this case, the food matrix. Their study is also considered promising for the identification of biomarkers, since proteins are quite susceptible to stress during adaptation, as well as regarding virulence expression (Rantsiou 2016) . The proteomics field is directly related to transcriptomics, since it is possible to draw correlations between what was transcribed and/or the phenotype from the produced proteins. Protein separation can be performed by two-dimensional gel electrophoresis (2-DE), gas chromatography (GC) or high performance liquid chromatography (HPLC), while protein detection is performed by mass spectrometry (MS), mainly matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) and electrospray-ion trap (ESI-IT) MS (Carrera et al. 2013) . Metaproteomics has the advantages of being able to detect a large number of proteins and is considered a comprehensive and versatile technique (Rantsiou 2016) . However, the analysis is complex and becomes especially complicated with respect to protein extraction, due to the interaction between the food matrix and micro-organism proteins. This method also presents low sensitivity, thus leading to difficulty in detecting low-abundant proteins. Another challenge is related to the fact that proteins do not act on their own, but rather interact with other proteins, which is essential for cellular activity (Betzen et al. 2015) .
Finally, metabolomics allows for the identification and quantification of metabolites synthesized or modified by an organism in a cellular system (Villas-Bôas et al. 2005; Warnecke and Hugenholtz 2007; Franzosa et al. 2015; Rantsiou 2016) . Metabolomics can be applied to detect pathogens in foods, and evaluate responses to stress and growth patterns (Pinu 2015; Rantsiou 2016) . To perform pathogen identification, GC or HPLC for metabolite separation, and MS, MALDI and nuclear magnetic resonance spectroscopy, for the detection step, may be used. These techniques are considered reliable for detecting metabolites, but are time consuming, since they require prior sample purification. In addition, a variation in the intensity of the generated signals can also occur, due to matrix interference, and the files obtained are very large (Rantsiou 2016) . Udayangani et al. (2017) applied metagenomics to analyse the intestinal microbiota and immune response of Zebrafish (Danio rerio) fed with chitosan silver nanocomposites, and verified, among other effects, a decrease in the Proteobacteria phylum and an increase of beneficial bacteria in the intestinal microbiota. The authors indicated that the metagenomic analysis was, thus, successful in understanding alteration in intestinal microbiota after ingestion of the supplemented diet. Choi et al. (2014) performed comparative genomic and transcriptomic analyses regarding Staphylococcus sp. OJ82 tolerant to high concentrations of NaCl isolated from fermented seafood, aiming to understand the physiological responses to high saline concentrations. They identified that the transcription, translation, protein turnover, membrane integrity and solute transport expressions are important for adaptation under high salt content conditions and that the physiology difference regarding resistance to antibiotics and bacteriocins at high saline concentrations may affect the interaction between bacterial communities. Thus, they verified that this tool was important to improve understanding of halotolerance characteristics in Staphylococcus sp. Tang et al. (2015) performed transcriptomic analyses using RNAseq on L. monocytogenes (strain H7858) to verify its adaptation to growth in cold-smoked and vacuum-packed salmon, with the bacteria cultured in modified brain heart infusion (MBHI) broth. A transcriptional difference of 149 genes, was observed, 88 highly regulated and 61 unregulated, in H7858 cultured in cold-smoked salmon compared to the genes of H7858 cultured in MBHI. Despite detecting this difference, the growth pattern of the bacteria was similar in both media, demonstrating L. monocytogenes adaptability. They identified that the genes that regulate cobalamin biosynthesis, ethanolamine pathways and 1,2,2-propanediol use are transcribed at higher levels in smoked salmon than in MBHI. They also verified that H7858 cultured in smoked and vacuum-packed salmon regulates cobalamin biosynthesis routes, ethanolamine, and 1,2,2-propanediol utilization routes, carbohydrate transport functions, and regulates arginine deaminase genes, facilitating adaptation to anaerobic conditions, to the use of available nutrients in the food and growth in the presence of resident microbiota (Tang et al. 2015) . Ji et al. (2017) performed metaproteomic analysis on the fermented seafood Siniperca chuatsi microbiota, identifying 2175 proteins belonging to 553 bacterial strains comprising 19 phyla. Of the 1217 proteins involved in metabolic pathways, 352 were related to amino acid metabolism. The study indicated the strains potentially responsible for aroma generation in the product, through the molecular methodology employed. Tang et al. (2017) performed proteomic analyses of V. parahaemolyticus isolated from the American Pacific oyster subjected to cold stress. Liquid chromatography was used for protein separation and MS for identification. A total of 151 proteins were identified and quantified, of which 101 were differentially expressed in the bacteria submitted to stress compared to the control sample. Of the total, 69 proteins were highly regulated and, 32, poorly regulated. These proteins were functionally classified into nucleotide transport and metabolism, transcription, unknown function and defence mechanisms. The authors concluded that the identified proteins play an important role in defence mechanisms against cold stress, providing a better insight into this foodborne pathogen (Tang et al. 2017) . Aru et al. (2016) used metabolomic analyses to evaluate changes in the metabolic profile of mussels after storage at 0 and 4°C for 10 and 6 days, respectively, and identified the formation and increase in the concentrations of various metabolites (acetate, lactate, succinate, alanine, branched chain amino acids, trimethylamine), as well as a progressive reduction in osmolytes such as betaine, homarine and taurine during storage. The authors related the metabolite production with microbial counts, and suggested the use of metabolite detection as biomarkers of the deterioration process. They concluded that this molecular tool is useful in determining seafood freshness. Feng et al. (2016) analysed the metabolic response to temperature (4, 25 and 37°C) and the expression of virulence genes (tdh and trh) in two pathogenic V. parahaemolyticus genotypes (ATCC 33846 (tdh+/trhÀ/ tlh+) and ATCC 17802 (tdhÀ/trh+/tlh+)] in seafood. Initially, RT-qPCR was performed and results indicated that the expression levels of tdh and trh induced at 25°C were significantly higher than those induced at 4 and 37°C. Metabolic analyses demonstrated that 179 of 1033 types of metabolites identified in ATCC 33846 were altered after culturing at different temperatures, while 101 of 930 types of metabolites were altered in ATCC 17802. Statistical analyses indicated correlations between the generated metabolites and the expression levels of virulence genes. Thus, the authors concluded that metabolomic analyses can be used to monitor bacteria virulence, using certain metabolites as biomarkers in the research on pathogenic V. parahaemolyticus (Feng et al. 2016) .
Conclusions
Molecular identification methodologies have emerged as a promising tool for the study of the microbiota and pathogens present in seafood, due to the advantages of these techniques compared to the traditional methodology, such as fast results and the possibility of detecting the entire microbial community present in the sample, generating more representative results. Thus, the sequencing of 16S rRNA region has been widely applied for the detection of these bacteria and, associated with metagenomic, metatranscriptomic, metaproteomic and metabolomics techniques, allows for important information to be obtained on the behaviour of microbial communities. According to several studies, seafood microbiota is composed of phyla such as Proteobacteria and Firmicutes, which harbour bacteria displaying animal and human clinical importance, indicating that seafood is an important pathogen carrier to the population, and further studies are required. Thus, molecular biology allows for inferences on issues related to the microbiology quality of seafood habitat, on the health of the animal and, especially, regarding aspects related to the zoonotic potential of seafood matrices, in order to establish preventive measures for the control of seafood-borne pathogens.
